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Abstract—This letter aims to design a low-complexity
subcarrier-power allocation scheme to improve the communica-
tion reliability of various types of frequency-division multiple-
access (FDMA) systems. Both uplink and downlink are con-
sidered. Speciﬁcally, a low-complexity worst subcarrier avoiding
(WSA) subcarrier-allocation scheme is proposed, in order to
avoid assigning users the subcarriers experiencing severe fading.
After the subcarrier-allocation, channel-inversion assisted power-
allocation is employed to assign the subcarriers the corresponding
power. Our studies and simulation results show that the achiev-
able error performance of the FDMA systems employing the
proposed subcarrier-power allocation algorithm is independent
of the multiplexing method. The proposed algorithm outperforms
the existing subcarrier-power allocation algorithms that have a
similar complexity as the proposed one.
Index Terms—Subcarrier-allocation, power-allocation, FDMA,
SC-FDMA, OFDMA, uplink, downlink.
I. INTRODUCTION
T
HE ever-growing wireless multimedia services demand
reliable high-data rate communications. The FDMA tech-
niques, which include single-carrier FDMA (SC-FDMA), or-
thogonal FDMA (OFDMA), etc., have been recognized as
the most promising candidates for delivering high-data rate
multimedia services in the future generations of wireless com-
munications systems. This is because the FDMA techniques
are capable of providing high-ﬂexibility multiple-access. With
the aid of the dynamic resource allocation, which may in-
clude subcarrier-, power-, or/and rate-allocation [1,2], the
FDMA techniques are also capable of achieving high spectral-
efﬁciency and providing high quality-of-services (QoS).
Given the total number of subcarriers of a FDMA system,
the subcarrier allocation problem belongs to the family of clas-
sic resource assignment problems whose optimum solutions
can be obtained by the famous Hungarian algorithm designed
based on graph theory [3]. However, the optimum Hungarian
algorithm has a high computational complexity, especially,
when time-varying wireless channels are considered. Hence,
it is highly important to design the low-complexity allocation
algorithms that can offer competitive error performance to the
optimum algorithm but with signiﬁcantly lower implementa-
tional complexity. For this sake, in [4], a Greedy algorithm
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has been proposed, in which users select one-by-one their
desired subcarriers from the available options based on the
subcarriers’ channel qualities. The Greedy algorithm has low
complexity, however, users at the later stages are left less
optional subcarriers to choose and may have to select some
subcarriers with low channel qualities, which hence results in
high error rate. The worst user ﬁrst (WUF) Greedy algorithm
proposed in [5] allows the users with worse average channel
qualities to select their required subcarriers ﬁrst. However,
the performance improvement of the WUF Greedy algorithm
over the Greedy algorithm is very limited. In [6] a so-called
Maximal Greedy algorithm has been developed. In the context
of this algorithm, ﬁrst, several subcarrier allocations based
on the Greedy algorithm are operated by ordering the users
in different ways. Then, the allocation resulting in the best
error performance is chosen as the ﬁnal subcarrier-allocation.
The study in [6] shows that the Maximal Greedy algorithm is
capable of improving the error performance signiﬁcantly, but
at the cost of a signiﬁcantly increase of complexity. Addition-
ally, in [7,8] the subcarrier-allocation problem has also been
investigated, which uses the Greedy algorithm to ﬁnd an initial
allocation and, then, improves it by iteratively swapping a pair
of subcarriers of two arbitrary users. This subcarrier-allocation
method may achieve the near-optimal error performance after
as u f ﬁcient number of iterations. However, its complexity may
be extreme when the number of subcarriers and/or the number
of iterations are high.
In this contribution, we propose a low-complexity
subcarrier-power allocation scheme, which is suitable for
the FDMA systems using various multiplexing approaches,
such as SC-FDMA and OFDMA. The proposed subcarrier-
allocation scheme is worst subcarrier avoiding (WSA), while
the power-allocation is based on channel-inversion. As our
studies show, the WSA algorithm is capable of avoiding
assigning users most of the subcarriers with low channel
qualities. Hence, as our simulation results show, the error per-
formance of the FDMA systems can be signiﬁcantly improved
in comparison with that of the FDMA systems employing the
existing algorithms [4,5], which have a similar complexity as
the proposed WSA algorithm.
The remainder of the letter is organized as follows. Sec-
tion II states the FDMA system model. Section III details the
subcarrier-power allocation algorithm. Complexity is analyzed
in Section IV. In Section V we provide some simulation
results. Finally, in Section VI we state the conclusions.
II. FDMA SYSTEM MODEL
The FDMA system considered in this contribution employs
𝑀 number of orthogonal subcarriers to support 𝑄 users,
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whose indexes form a set ?? = {0,1,...,𝑄− 1}.T h e𝑞th,
𝑞 ∈?? , user is assigned 𝐾𝑞 subcarriers and
∑
𝑞∈?? 𝐾𝑞 ≤ 𝑀.
The base station is assumed to employ ideal channel state in-
formation about the 𝑀 subcarrier channels associated with any
of the 𝑄 users. It is capable of allocating the corresponding
subcarriers and power to the 𝑄 users through reliable low-
rate signalling channels, whenever necessary. For clarity, the
variables and notations used in this letter are summarized as
follows:
𝑀 number of subcarriers;
ℳ set of subcarrier indexes deﬁned as ℳ =
{0,1,...,𝑀− 1};
𝑄 number of uplink or downlink users;
𝐾𝑞 number of data streams of user 𝑞;
??𝑞 set of indexes for the data streams of user 𝑞,w h i c h
is deﬁned as ??𝑞 = {0,1,...,𝐾 𝑞 − 1};
𝐻𝑞,𝑗 channel gain of subcarrier 𝑗 of user 𝑞;
𝑁𝑗 uplink noise power of subcarrier 𝑗;
𝑁𝑞,𝑗 downlink noise power of subcarrier 𝑗 of user 𝑞;
𝐺𝑞,𝑗 channel quality of subcarrier 𝑗 of user 𝑞,w h i c hi s
deﬁned as 𝐺𝑞,𝑗 = ∣𝐻𝑞,𝑗∣2/𝑁𝑞,𝑗 for downlink, while
as 𝐺𝑞,𝑗 = ∣𝐻𝑞,𝑗∣2/𝑁𝑗 for uplink;
𝑃𝑞 maximum uplink power allowed for user 𝑞;
𝑃 maximum downlink power allowed for all 𝑄 users;
𝑃𝑞,𝑗 transmission power on subcarrier 𝑗 of user 𝑞,w h i c h
satisﬁes the constraint of
∑
𝑗∈ℱ𝑞 𝑃𝑞,𝑗 ≤ 𝑃𝑞 for
uplink or
∑
𝑞∈??
∑
𝑗∈ℱ𝑞 𝑃𝑞,𝑗 ≤ 𝑃 for downlink;
ℱ𝑞 a set containing the indexes of the subcarri-
ers assigned to user 𝑞, which has the properties ∪
𝑞∈?? ℱ𝑞 ⊆ℳand, for any 𝑞,𝑗 ∈??and 𝑞 ∕= 𝑗,
ℱ𝑞
∩
ℱ𝑗 = ∅,w h e r e∅ denotes an empty set. The
above properties imply that no two users share the
same set of frequencies. Hence, there is no multiuser
interference;
∣ℱ𝑞∣ cardinality of ℱ𝑞, i.e. the number of subcarriers
assigned to user 𝑞, satisfying ∣ℱ𝑞∣ = 𝐾𝑞 for 𝑞 ∈?? ;
𝗾𝑞,𝑘 signal-to-noise ratio (SNR) or signal-to-interference-
plus-noise ratio (SINR) of data stream 𝑘 of user 𝑞.
Based on the above deﬁnitions, we can readily show that,
in OFDMA systems, the SNR of the 𝑘th subcarrier of user
𝑞 is given by 𝗾𝑞,𝑘 = 𝑃𝑞,𝑘𝐺𝑞,𝑘. For SC-FDMA systems,
as shown in [9], when the one-tap minimum mean square
error (MMSE) frequency-domain equalization is employed for
mitigation of the ISI, the SINR of the 𝑘th data stream of user 𝑞
is 𝗾𝑞,𝑘 =
(
1/𝐾𝑞
∑
𝑗∈ℱ𝑞 (𝑃𝑞,𝑗𝐺𝑞,𝑗 +1 )
−1
)−1
−1. Explicitly,
the SNR of the OFDMA systems and the SINR of the SC-
FDMA systems can be expressed in a uniﬁed form as
𝗾𝑞,𝑘 =
1
∑
𝑗∈ℱ𝑞 ∣𝑈𝑗,𝑘∣
2 (𝑃𝑞,𝑗𝐺𝑞,𝑗 +1 )
−1 − 1,𝑘∈?? 𝑞,𝑞∈??
(1)
where 𝑈𝑗,𝑘 is the (𝑗,𝑘)th element of a unitary matrix 𝑈 𝑈 𝑈,
which satisﬁes
∑
𝑗∈ℱ𝑞 ∣𝑈𝑗,𝑘∣
2 =1 . It can be shown that
different structures of 𝑈 𝑈 𝑈 correspond to the different multi-
plexing methods used by the FDMA systems. Speciﬁcally, in
the OFDMA systems that transmit on each subcarrier one data
stream, the matrix 𝑈 𝑈 𝑈 is constituted by 𝑄 number of identity
sub-matrices, each of which is for one user. By contrast, in
the SC-FDMA systems where one data stream is transmitted
on several subcarriers, the matrix 𝑈 𝑈 𝑈 is then structured by 𝑄
number of Fourier transform matrices, each of which is for
one user [6].
III. SUBCARRIER-POWER ALLOCATION ALGORITHM
In order to improve the reliability of FDMA systems,
the subcarrier-power allocation is best optimized to min-
imize the average error probability expressed as 𝑃𝑒 =
1/𝑀
∑
𝑞∈??
∑
𝑗∈??𝑞 𝑃𝑒(𝗾𝑞,𝑗),w h e r e𝑃𝑒(𝗾𝑞,𝑗) denotes the error
probability corresponding to a given SINR 𝗾𝑞,𝑗.H o w e v e r ,t h i s
optimization problem is extremely hard to solve, due to the
nonlinear relationship between 𝑃𝑒(𝗾𝑞,𝑘) and 𝗾𝑞,𝑘. It is well-
known that the error probability𝑃𝑒 is usually dominated by the
several data streams having the lowest SINR values [9]. Hence,
instead of minimizing directly the average error probability𝑃𝑒,
we can alternatively choose to maximize the minimum (Max-
Min) SINR of the data streams, i.e., to maximize the objective
function 𝗾min =m i n 𝑞∈??,𝑘∈??𝑞 {𝗾𝑞,𝑘}. Furthermore, based on
(1), we can readily show that
𝗾min ≥
1
∑
𝑗∈ℱ𝑞 ∣𝑈𝑗,𝑘∣
2 (
min𝑖∈ℱ𝑞{𝑃𝑞,𝑖𝐺𝑞,𝑖} +1
)−1 − 1
=
1
(
min𝑖∈ℱ𝑞{𝑃𝑞,𝑖𝐺𝑞,𝑖} +1
)−1 − 1=m i n
𝑗∈ℱ𝑞
{𝑃𝑞,𝑗𝐺𝑞,𝑗}
(2)
Therefore, for simplicity, the objective function to be maxi-
mized can be set as
𝐽 =m a x
{ℱ𝑞},{𝑃𝑞,𝑗}
{
min
𝑞∈??,𝑗∈ℱ𝑞
{𝑃𝑞,𝑗𝐺𝑞,𝑗}
}
(3)
which is directly related to the subcarriers’ channel qualities
and the corresponding power allocated to the subcarriers.
Additionally, it has been proved in [9] that the channel-
inversion assisted power-allocation is optimum for the Max-
Min optimization problem. Furthermore, the optimum power-
allocation is independent of the subcarrier-allocation scheme
employed, implying that the power- and subcarrier-allocations
can be carried out separately without performance loss. Since
our optimization problem shown in (3) is a typical Max-
Min optimization problem, therefore, our joint subcarrier-
power optimization can be carried out by ﬁrst considering the
subcarrier-allocation and then the power-allocation.
A. Subcarrier-Allocation
The proposed subcarrier-allocation scheme aims to assign
the subcarriers to the 𝑄 users, so that min𝑞∈??,𝑗∈ℱ𝑞{𝐺𝑞,𝑗} is
maximized. Let us ﬁrst illustrate the principles of subcarrier-
allocation. Let us consider a FDMA system, which employs
𝑀 =6subcarriers to support 𝑄 =3users with each user
transmitting 𝐾𝑞 =2data streams on two subcarriers. The
channel qualities of the six subcarriers in the context of the
three users are given by
⎡
⎢
⎢
⎣
Subcarrier : 012345
User 0: 1 .8 1.7 1.3 0.50 .3 0.4
User 1: 0 .6 0.7 1.4 1.3 0.80 .9
User 2: 0.2 1.6 0.6 1.21 .0 0.1
⎤
⎥
⎥
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where the boldface number under a subcarrier represents the
worst of the channel qualities associated with the three users,
while the underlined numbers correspond to the subcarriers
allocated to the users, when using the Greedy algorithm in
[4].
In the context of the Greedy algorithm [4], for each of the
users, the subcarriers are sorted in descending order based on
its channel qualities. Speciﬁcally for the example of (4), the
subcarriers are sorted in descending order as {0,1,2,3,5,4},
{2,3,5,4,1,0} and {1,3,4,2,0,5}, for users 0, 1 and 2,
respectively. Then, users one by one choose their most desired
subcarriers from the available options. Correspondingly, for
the example of (4), user 0 ﬁrst selects his two best possible
subcarriers, which are the zeroth and ﬁrst subcarriers, from
the six. Then, user 1 chooses his two best from the remainder
four, which are the second and third subcarriers. Finally,
user 2 has to choose the fourth subcarrier as well as the
ﬁfth subcarrier of the most unreliable, because there are no
other options. Consequently, we obtain the subcarrier sets
ℱ0 = {0,1}, ℱ1 = {2,3} and ℱ2 = {4,5},w h i c hr e s u l t
in that min𝑞∈??,𝑗∈ℱ𝑞{𝐺𝑞,𝑗} =0 .1.
As shown in (4), one of the disadvantages of the Greedy
algorithm based subcarrier-allocation is that users at the later
stages are left with limited optional subcarriers to choose. The
subcarrier having the worst channel quality may have to be
assigned to a user. As the above example shows, at the ﬁnal
stage, the ﬁf t hs u b c a r r i e rh a st ob ea s s i g n e dt ou s e r2, even its
corresponding channel quality of 0.1 is the worst of all. In this
case, the ﬁnal attainable error performance will be dominated
by this worst subcarrier channel.
The WUF Greedy algorithm proposed in [5] improves the
Greedy algorithm by letting the user with the worst average
channel quality select its desired subcarriers ﬁrst. For the
above example, according to (4), the average channel qualities
for users 0, 1 and 2 are 1.0, 0.95 and 0.78, respectively. Hence,
user 2 has the lowest average channel quality and chooses
its subcarriers ﬁrst, followed by user 1 and, ﬁnally, user 0.
Consequently, the subcarriers allocated to the three users are
shown by the underlined numbers of the matrix
⎡
⎢
⎢
⎣
Subcarrier : 012345
User 0: 1 .8 1.71 .3 0.50 .3 0.4
User 1: 0 .6 0.7 1.4 1.30 .80 .9
User 2: 0.2 1.6 0.6 1.2 1.0 0.1
⎤
⎥
⎥
⎦ (5)
Therefore, we have ℱ0 = {0,4}, ℱ1 = {2,5}, ℱ2 = {1,3}
and min𝑞∈??,𝑗∈ℱ𝑞{𝐺𝑞,𝑗} =0 .3, which is higher than 0.1 of
the minimum channel quality attained by using the Greedy
algorithm.
According to the above example, we can ﬁnd that the
WUF Greedy algorithm cannot efﬁciently solve the problem
of assigning users the worst subcarriers. First, the user having
the highest average channel quality may also be the user
accommodating the subcarrier with the worst channel quality.
In this case, this user may have to accept the subcarrier with
the worst channel quality. Second, when a FDMA system has
a high number of subcarriers experiencing highly frequency-
selective fading, all the users will have a similar average
channel quality, which makes the user ordering based on the
average channel qualities ineffective.
In order to avoid the above problem conﬂicted by the
Greedy and WUF Greedy algorithms, in our proposed
subcarrier-allocation scheme, the subcarriers are allocated
from the worst to the best, as described follows. First, consid-
ering all the users, the subcarriers are ordered from the worst
to the best according to their channel qualities of all users.
In detail, for the above example, the matrix after ordering is
given by
⎡
⎢
⎢
⎣
Subcarrier : 504321
User 0: 0 .41 .8 0.30 .5 1.3 1.7
User 1: 0 .9 0.60 .81 .3 1.4 0.7
User 2: 0.10 .2 1.0 1.2 0.6 1.6
⎤
⎥
⎥
⎦ (6)
where the ﬁrst column corresponds to the worst channel
quality of 0.1, the second column corresponds to the second
worst channel quality of 0.2, and so on. Based on (6), then, the
subcarrier-allocation starts with the subcarrier accommodating
the worst channel quality. In other words, subcarriers are
allocated from left to right in (6). As shown in (6), since for
the ﬁfth subcarrier user 1 has the best channel quality, hence
the ﬁf t hs u b c a r r i e ri sa s s i g n e dt ou s e r1, which consequently
avoids assigning user 2 this subcarrier. Then, for the zeroth
subcarrier, user 0 has the best channel quality and hence is
assigned this subcarrier. The above process is continued until
all the users are assigned their required subcarriers. Finally,
the sets of subcarriers allocated to users 0, 1,a n d2 are
ℱ0 = {0,2}, ℱ1 = {5,3} and ℱ2 = {1,4}, respectively.
Furthermore, the allocation yields min𝑞∈??,𝑗∈ℱ𝑞{𝐺𝑞,𝑗} =0 .9,
which is signiﬁcantly higher than 0.1 and 0.3 of the Greedy
and WUF Greedy algorithms.
It can be shown that the above-described subcarrier-
allocation scheme can avoid assigning a subcarrier with the
worst channel quality to a user, provided that there are at
least two users with different channel qualities contending
the subcarrier. Hence, we refer to our subcarrier-allocation
algorithm as the WSA algorithm. However, when at the end
there is only one user left, it has to choose its subcarriers
from the remaining subcarriers. From the above analysis, we
can realize that the worst case of using the WSA algorithm
occurs, when the remaining max{𝐾𝑞} subcarriers allocated
to the last user coincidently have the lowest channel qualities
after excluding those previously avoided. However, in practice,
the probability of this event should be very small even for a
𝑀 of moderate value. Furthermore, even in this worst case,
the WSA algorithm is capable of avoiding assigning users the
(𝑀 − max{𝐾𝑞}) number of relatively less reliable subcar-
riers. This is because, except for the max{𝐾𝑞} subcarriers
allocated to the last user, for any of the previously allocated
(𝑀−max{𝐾𝑞}) subcarriers, the WSA algorithm has optional
subcarriers to choose for allocation.
In summary, the WSA subcarrier-allocation scheme can be
described by the following steps:
1) Subcarrier ordering: For each subcarrier the worst
channel quality of the 𝑄 users is ﬁrst identiﬁed, which
is expressed as
𝐺min
𝑗 =m i n 𝑞∈??{𝐺𝑞,𝑗} (7)
for 𝑗 ∈ℳ . Then, the 𝑀 number of worst channel
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are arranged in ascending order, i.e., from the worst to
the best, as
𝐺
min
𝑖0 ≤ 𝐺
min
𝑖1 ≤ ...≤ 𝐺
min
𝑖𝑀−1 (8)
where {𝑖0,𝑖 1,⋅⋅⋅,𝑖 𝑀−1} denotes a permutation of the
subcarrier indexes in ℳ, which are determined by (7).
2) Subcarrier-allocation:
R (Initialization) Set ℱ𝑞 = ∅ for all 𝑞 ∈??and set
˜ ?? = ??.
R (Allocation) For 𝑚 =0 ,1,...,𝑀− 1,
a) ﬁnd the best user in terms of the 𝑖𝑚th subcarrier:
𝑞∗ =a r gm a x 𝑞∈ ˜ ?? {𝐺𝑞,𝑖𝑚};
b) allocate the subcarrier to user 𝑞∗:
ℱ𝑞∗ ←ℱ 𝑞∗
∪
{𝑖𝑚}.
c) if ∣ℱ𝑞∗∣ = 𝐾𝑞∗,u s e r𝑞∗ is removed from ˜ ??:
˜ ??← ˜ ??−{ 𝑞∗}.
Finally, after the subcarrier-allocation is completed, the
optimization problem of (3) is reduced to a pure power-
allocation problem, which is analyzed in the next subsection.
B. Power-Allocation
With the channel-inversion assisted power-allocation, the
power allocated to a subcarrier of a user is inversely propor-
tional to the subcarrier channel’s quality. The power-allocation
algorithm can be described as follows for the uplink and
downlink, respectively.
1) Uplink Power-Allocation: In the context of the uplink
power-allocation, the transmission power assigned to a sub-
carrier of a user can be allocated under the constraint of
the total transmission power of the user. Correspondingly, the
optimization problem can be formed as
𝐽𝑞 =m a x
{𝑃𝑞,𝑗}
{
min
𝑗∈ℱ𝑞
{𝑃𝑞,𝑗𝐺𝑞,𝑗}
}
𝑠.𝑡.
∑
𝑗∈ℱ𝑞
𝑃𝑞,𝑗 ≤ 𝑃𝑞. (9)
for any 𝑞 ∈?? .I n( 9 ) ,𝐺𝑞,𝑗,𝑗∈ℱ 𝑞, are the channel qualities
of the subcarriers allocated to the 𝑞th user.
Upon solving the above optimization problem, we can show
that the power allocated to subcarrier 𝑗 of user 𝑞 is given by
𝑃𝑞,𝑗 =
⎧
 ⎨
 ⎩
𝑃𝑞
(∑
𝑖∈ℱ𝑞
𝐺
−1
𝑞,𝑖
)−1
𝐺
−1
𝑞,𝑗,𝑗∈ℱ 𝑞
0,𝑗/ ∈ℱ 𝑞
(10)
where 𝑞 ∈?? .
Upon substituting (10) into (1), we can obtain the attainable
SINR for detection of the 𝑘th data stream of the 𝑞th uplink
user, which is
𝗾𝑞,𝑘 = 𝗾𝑞 = 𝑃𝑞
(∑
𝑖∈ℱ𝑞
𝐺
−1
𝑞,𝑖
)−1
,𝑞 ∈?? . (11)
Equation (11) shows that the SINR of user 𝑞 is independent
of the index 𝑘 as well as the multiplexing method determined
by the matrix 𝑈 𝑈 𝑈 as seen in (1). Therefore, all the data streams
of a given uplink user achieve the same SINR. No matter
whether the SC-FDMA or OFDMA communication scheme
is employed, a given uplink user is capable of attaining the
same error performance.
2) Downlink Power-Allocation: The downlink power-
allocation is constrained by the total transmission power 𝑃.
In this case, the optimization problem can be formed as
𝐽 =m a x
{𝑃𝑞,𝑗}
{
min
𝑞∈??,𝑗∈ℱ𝑞
{𝑃𝑞,𝑗𝐺𝑞,𝑗}
}
𝑠.𝑡.
∑
𝑞∈{??},𝑗∈ℱ𝑞
𝑃𝑞,𝑗 ≤ 𝑃. (12)
where {𝐺𝑞,𝑗} are the channel qualities of the subcarriers
allocated to the 𝑄 number of downlink users. Upon solving
this optimization problem, we obtain the transmission power
allocated to subcarrier 𝑗 of user 𝑞,w h i c hi s
𝑃𝑞,𝑗 = 𝑃
(∑
𝑛∈??
∑
𝑖∈ℱ𝑛
𝐺
−1
𝑛,𝑖
)−1
𝐺
−1
𝑞,𝑗,𝑗∈ℱ 𝑞,𝑞∈?? .
(13)
When substituting (13) into (1), we obtain the downlink
SINR of the 𝑘th data stream of the 𝑞th downlink user, which
can be expressed as
𝗾𝑞,𝑘 = 𝗾 = 𝑃
(∑
𝑛∈??
∑
𝑖∈ℱ𝑞
𝐺
−1
𝑛,𝑖
)−1
. (14)
Explicitly, it is independent of the indexes 𝑘 and 𝑞, implying
that all the data streams of all the downlink users achieve
the same SINR and, hence, the same error performance.
Furthermore, as the uplink, the SINR of (14) is independent of
the multiplexing scheme 𝑈 𝑈 𝑈, implying that both the OFDMA
and SC-FDMA systems are capable of attaining the same error
performance.
IV. COMPLEXITY ANALYSIS
In this section, we analyze and compare the complexity of
the proposed and some existing subcarrier-power allocation
algorithms. Note ﬁrst that, when the channel-inversionassisted
power-allocation is employed, as shown in (10) for the uplink
or (13) for the downlink, the complexity of power-allocation
with respect to any subcarrier-allocation schemes is the same,
which is ??(
∑
𝑞∈?? 𝐾𝑞) ≜ ??(𝑀) for both the uplink and
downlink power-allocation. Therefore, when comparing the
complexity of different subcarrier-power allocation schemes,
we only need to consider the complexity of the subcarrier-
allocation schemes invoked.
It is well-known that the number of comparisons to ﬁnd the
maximum of 𝑀 real numbers using binary-search is (𝑀 −
1), while the average number of comparisons to sort 𝑀 real
numbers using the quick-sort algorithm [12] is 2𝑀 ln𝑀.O u r
proposed WAS algorithm requires to ﬁnd both the minimum
and maximum of the 𝑄 number of channel qualities for each
of the 𝑀 number of subcarriers. Furthermore, it also requires
to order the 𝑀 number of worst channel qualities. Hence, the
total number of operations is about (2𝑀(𝑄−1)+2𝑀 ln𝑀),
yielding a complexity of ??(𝑀𝑄) when assuming 𝑄 ≥ ln𝑀.
The exact number of operations required by the Hungarian
algorithm [3] is very hard to analyze, due to the randomness of
the cost matrices invoked and the heuristic nature of the algo-
rithm [6]. In [11], the maximum number of operationsrequired
by the Hungarian algorithm has been analyzed, which is found
to be (11𝑀3+12𝑀2+31𝑀)/6. Hence, the complexity of the
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TABLE I
COMPLEXITY COMPARISON OF VARIOUS SUBCARRIER ALLOCATION
ALGORITHMS.
Algorithm Number of operations Complexity
Hungarian [3,11] (11𝑀3 +1 2 𝑀2 +3 1 𝐾)/6 ??(𝑀3)
Greedy [4] 𝑀(𝑀 − 1)/2 ??(𝑀2)
WUF Greedy [5] 𝑀(𝑀 − 1)/2+2 𝑄ln𝑄 ??(𝑀2)
Wong, et.al [7] 𝑀(𝑀 − 1)/2+𝑎𝑀2/2 ??(𝑀2)
Maximal Greedy [6] 𝑄𝑀(𝑀 − 1)/2 ??(𝑄𝑀2)
WSA (Proposed) 2𝑀 ln𝑀 +2 𝑄𝑀 ??(𝑄𝑀)
the Greedy algorithm [4] only requires to ﬁnd the maximum
of the available subcarriers, one-by-one, for all the users.
The corresponding number of operations required can be
found to be (𝑀 − 1)
∑
𝑞∈?? 𝐾𝑞/2,w h i c hi s(𝑀 − 1)𝑀/2,
when all the 𝑀 number of subcarriers are allocated, i.e.,
when 𝑀 =
∑
𝑞∈?? 𝐾𝑞. Therefore, the complexity of the
Greedy algorithm is ??(𝑀2). In comparison with the Greedy
algorithm [4], as shown in Section III-A, the WUF Greedy
algorithm [5] requires (2𝑄ln𝑄) extra operations for sorting
the 𝑄 users, in addition to the operations required by the
Greedy algorithm. Hence, the WUF Greedy algorithm requires
at o t a l(𝑀(𝑀−1)/2+2𝑄ln𝑄) number of operations, making
its complexity ??(𝑀2).
The method proposed by Wong, et.al, in [7] needs to
swap iteratively the subcarriers between two users chosen
arbitrary from 𝑄 users. It has been shown [8] that the
number of operations per iteration is 𝐶
𝑄
2 𝐾2
𝑞 ≈ 𝑀2/2. Thus,
when using 𝑎 iterations, the total number of operations is
(𝑀(𝑀−1)/2+𝑎𝑀2/2) and the complexity is hence ??(𝑀2).
Note that, the results in [7] demonstrate that this method
is near-optimum provided that 𝑎 ≥ 25 iterations are used,
and can perform reasonably well, when using about 𝑎 =1 0
iterations. As shown in [4], the number of operations required
by the Maximal Greedy algorithm [6] is 𝑄𝑀(𝑀 − 1)/2,
which is 𝑄 times of that of the Greedy algorithm. Hence, the
Maximal Greedy algorithm has a complexity of ??(𝑄𝑀2).
Finally, the complexity of the above-addressed subcarrier
allocation schemes is summarized in Table I. Furthermore,
the number of operations required by the various subcarrier-
allocation schemes is compared in Fig. 1, when the FDMA
systems employ different number of subcarriers, each user
uses 𝐾𝑞 =8subcarriers and the total number of users is
𝑄 = 𝑀/𝐾𝑞. As shown in Fig. 1, the proposed WSA algorithm
requires slightly more operations than the Greedy and WUF
Greedy algorithms when 𝑀 ≤ 32 subcarriers are employed
by the FDMA system, while has a slightly lower number of
operations than the two Greedy algorithms when 𝑀>32
subcarriers are employed. Furthermore, from the results of
Fig. 1, we are implied that the WSA algorithm has a similar
complexity as the Greedy algorithm or the WUF Greedy
algorithm. These three subcarrier-allocation algorithms have
the lowest complexity among those considered in this contri-
bution.
V. PERFORMANCE RESULTS
In this section we compare the average BER performance of
the proposed algorithm with that of several existing algorithms
as listed in Table I, when an OFDMA system using 𝑀 =3 2
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Fig. 1. Number of operations versus the total number of subcarriers for the
FDMA systems employing different subcarrier-allocation schemes.
Uplink: QPSK, M = 32, Kq =8 ,Q=4 ,L=8
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Fig. 2. Uplink BER versus SNR per bit performance of OFDMA systems
experiencing frequency-selective Rayleigh fading with 𝐿 =8time-domain
resolvable paths.
subcarriers to support 𝑄 =4users is considered. We assume
that each user is assigned 𝐾𝑞 = 𝑀/𝑄 =8subcarriers for
transmitting eight data streams using Quadrature Phase-Shift
Keying (QPSK) baseband modulation. The communications
channels are assumed the frequency-selective Rayleigh fading
channels that have 𝐿 =8time-domain resolvable paths.
Note that, although our simulations were based on the
OFDMA scheme, the results as shown are actually suitable
for the SC-FDMA scheme using 𝑀 =3 2subcarriers to
support 𝑄 =4users with each user transmitting 𝐾𝑞 =8
data streams. This is because, when employing the Max-
Min optimization, the error performance is independent of the
multiplexing scheme for all the subcarrier-power allocation
algorithms considered.
Figure 2 shows the BER performance of the OFDMA up-
link employing various subcarrier-allocation algorithms, when
individual power constraint is applied and the transmission
power is allocated based on (10) for all the algorithms.1576 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 9, NO. 5, MAY 2010
Downlink: QPSK, M = 32, Kq =8 ,Q=4 ,L=8
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Fig. 3. Downlink BER versus SNR per bit performance of OFDMA systems
experiencing frequency-selective Rayleigh fading with 𝐿 =8time-domain
resolvable paths.
By contrast, Fig. 3 illustrates the BER performance of the
OFDMA downlink employing various subcarrier-allocation
algorithms, when the total transmission power is constrained
and the power is allocated to a subcarrier of a user according
to (13).
From the results, it can be observed that our proposed
algorithm outperforms the Greedy, WUF Greedy and the
Maximal Greedy algorithm. The BER performance curve of
the proposed algorithm is close to and also parallel to that
of the Hungarian algorithm, which is argued to be optimum
[7]. However, as shown in Table I, the Hungarian algorithm
has the highest complexity among the algorithms considered.
Furthermore, when comparing the results in Fig. 2 with
that in Fig. 3, we can see that, for a given algorithm, the
downlink is capable of achieving better BER performance
than the uplink. This is because the power-allocation for the
downlink considers jointly all the users, while that for the
uplink considers user-by-user separately.
VI. CONCLUSIONS
In this contribution we have proposed and investigated a
so-called WSA-assisted subcarrier-allocation scheme and a
channel-inversion assisted power-allocation scheme, in order
to improve the reliability of various types of FDMA systems.
The achievable error performance of the FDMA systems
employing the proposed algorithm is the same, regardless
of the multiplexing method employed. The proposed algo-
rithm has low complexity and, in terms of the achievable
error performance, outperforms the existing subcarrier-power
allocation algorithms that have a similar complexity as the
proposed algorithm.
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